Abstract: The present study was designed to evaluate the time-dependent effects of Nanpao, a kampo medicine, on age-related changes in the estrous cycle of female rats, and to investigate the utility of measuring electrical impedance in the vagina (EIV) for studying transitional changes in the estrous cycle. Rats were allocated to 3 groups: control, Nanpao 30 mg/kg/day, and 100 mg/kg/day groups. EIV measurements and cytology samples were taken for 14 days at the age of 6 months before the initial treatment. After the start of the treatment, these data were collected at about monthly intervals until the age of 10 months in the same manner. Observations at the ages of 7 (weeks 2-3 of dosing) and 8 months (weeks 6-7 of dosing) showed that loss of a regular estrous cycle in the 100 mg/kg/day group was inhibited as compared to the control group. Moreover, at the ages of 9 (weeks 11-12 of dosing) and 10 months (weeks 17-18 of dosing), these effects were identified not only in the 100 mg/kg/day group, but also in the 30 mg/kg/day group. Since vaginal cytology and EIV gave almost concordant results as indicators of estrous cyclicity, we concluded that the measurement of EIV was capable of detecting time-dependent changes in the estrous cycle as well as observations of vaginal smears. A short period of Nanpao administration inhibited loss of regular estrous cycles, and the EIV method is a worthwhile approach to a more precise study of estrous cyclicity in rats exhibiting abnormal estrous cycles.
Introduction
The average lifespan of the rat is approximately 2-3 years. By 2 months of age, young female rats are reproductively mature, exhibit estrous cycles, and ovulate every 4-5 days [13] . The estrous cycle of the rat can be divided into four stages: proestrus, estrus, metestrus, and diestrus. The estrous cycle is characterized by cyclical changes in the uterus, ovaries, vaginal mucosa, behavior, and hormone levels [20, 28] .
The loss of a regular estrous cycle is one of the representative declines in reproductive performance in aging female rats [9, 18, 22] . Beginning in middle age (6-10 months), many females display prolonged, ir--Original-regular estrous cycles instead of regular cyclicity [2, 18, 22, 41] . Shortly thereafter, aging females show persistent estrus, a condition resulting from chronic anovulation. This may be followed by a state in which cycles are 10-14 days long, suggestive of a prolonged luteal phase, which is termed repetitive pseudopregnancy [27] . The final stage of reproductive senescence is persistent diestrus [38] . Simultaneously, a decline in uterine function [24] , a decrease in fertility [11, 21, 23] , and an increase in developmental defects in embryos [21] occur as age-related changes.
The stages of the estrous cycle of the rat can be reliably identified cytologically from vaginal smears [25] . In addition, measurement of the electrical impedance of the vagina (EIV) is one of many methods that can be used to monitor various reproductive events in several species, including the rat [30, 36] . In rats and mice, elevation of EIV above 3.0 kW, which coincides with cornification of the epithelial cell layer, indicates that the animal is in proestrus, the optimum time for mating in rats [14, 15] . However, age-related EIV characteristics are not well known. Recently, longitudinal studies, such as the effect of chronic atrazine on estrous cycles patterns [3] and changes of the F344/N estrous cycle with aging [32] , were performed using female rats in the field of reproductive toxicology, physiology and theriogenology. Since it is not easy to purchase aged rats from breeders, aged rats are very valuable for executing studies and there is a need for these research fields to collect continuous data without autopsy. Therefore, if the present study were to demonstrate that the measurements of EIV, as well as the observations of the estrous cycle based on vaginal smears, can be used to detect age-related changes in the reproductive processes, it might allow us to improve the efficiency of the study of the progression of reproductive aging. Nanpao, the test drug used in the present study, is an over-the-counter kampo medicine for humans. It is a mixture of 31 Chinese crude drugs (Table 1) and exerts a nourishing and revitalizing effect. It is reported to be clinically effective in the treatment of various age-related symptoms, such as fatigue, excessive sensitivity to the feeling of cold, and a feeling of weakness [16] . Furthermore, in experimental female rats, long-term administration of this drug inhibited the loss of regular estrous cycles and maintained normal embryonic and fetal development [9] .
The purpose of this study was to investigate the utility of the method for the measurement of vaginal impedance in the study of the progression of reproductive aging in female rats and to evaluate the time-dependent effects of the administration of Nanpao on aged-related changes in the estrous cycle. In this study we used SD rats, for which a correlation between EIV and vaginal smear data has been reported [36] .
Materials and Methods

Animals
Female rats of the Sprague-Dawley strain were pur- 
Group composition and treatment
Female rats (n=36) were stratified by body weight at the end of the quarantine/acclimation period and randomly allocated to three groups. The control group (n=12) received distilled water alone; a second group (n=12) was given the test drug at 30 mg/kg/day (equivalent to the clinical dose for adult humans); and a third group (n=12) was given the test drug at 100 mg/kg/day.
The test drug or distilled water was administered to the animals by oral gavage once a day for 5 days a week from the age of 6 months onwards. The test drug (Nanpao powder extract, Lot No. 69044; Mitsubishi Tanabe Pharma Corporation, Osaka, Japan) was dissolved in distilled water just before daily dosing. The volume administered was set at 5.0 ml/kg/bodyweight. The week at which administration was initiated was defined as week 0 of dosing.
General study design and sampling
All the rats were subjected once daily (between 13:00 and 15:00) for 14 days vaginal impedance measurements and cytology sampling at the age of 6 months, before the initial treatment (pretest measurements). After the start of treatment, measurements of vaginal impedance and sampling for cytology were performed at the ages of 7 (weeks 2-3 of dosing), 8 (weeks 6-7 of dosing), 9 (weeks 11-12 of dosing), and 10 months (weeks 17-18 of dosing) in the same manner as that used for pretest sampling. All rats were sacrificed immediately after the final sampling by exsanguination from the abdominal artery and vein under deep ether anesthesia.
Vaginal cytology
Vaginal smears were taken by wiping the vaginal wall lightly with a water-moistened cotton swab, and were stained with Giemsa on glass slides. The slides were examined for cornified epithelial cells, nucleated epithelial cells, leukocytes, and mucus. The stage of the estrous cycle was determined using the following criteria [20, 31, 40] : 1) proestrus-predominantly nucleated epithelial cells, few cornified epithelial cells, and few leukocytes; 2) estrus-predominantly cornified epithelial cells; 3) metestrus-predominantly leukocytes and cornified epithelial cells; 4) diestrus-predominantly leukocytes, some nucleated epithelial cells, and mucus. On the basis of the vaginal smears, estrous cycles were defined as "regular" when at least three consecutive cycles of 4 or 5 days each were observed, and as "irregular" when one of the cycles observed was prolonged. Aged rats that exhibited persistent vaginal cornification for 2 weeks were considered to be in persistent estrus [18] , whereas rats that displayed diestrus smears for 2 weeks were considered to be in continual diestrus (repetitive pseudopregnancy or persistent diestrus) [41] .
The length of each cycle and the total number of cycles per animal were also analyzed in the control and drugtreated groups.
Vaginal impedance measurements
Vaginal impedance was measured with an Impedance Checker MK-10B (Muromachi Kikai Co., Ltd., Tokyo, Japan). The probe was left in the vagina until a constant impedance reading was obtained. All impedance measurements were made immediately before collection of vaginal smears. The vaginal impedance probe was cleaned with 70% alcohol before each measurement.
Statistical analysis
Mean values for the drug-treated group and control group were compared by Dunnett's multiple comparison test, and pre-and post-treatment comparisons in each group were made using the paired t-test. Values are presented as mean ± SD. Statistical analysis was performed with EXSAS version 7.50 (Arm Corp., Osaka, Japan), and P values less than 0.05 were considered statistically significant.
Results
The results of the observations of the estrous cycle and measurements of EIV at the ages of 6-10 months are shown in Table 2 . Time-dependent changes in animals exhibiting typical estrous cycle patterns in each group are shown in Fig. 1 .
At the age of 6 months (before initiation of daily treatment with water or Nanpao), the rats in each group exhibited various patterns of estrous cycles. Regular estrous cycles (three or more cycles in 2 weeks) were observed in 17 of the 36 (47.2%) animals. The remaining 19 animals exhibited abnormal estrous cycles. Among these 19 animals, the incidence of animals showing two cycles, one cycle, and persistent estrus was 12/36 (33.3%), 6/36 (16.7%), and 1/36 (2.8%), respectively. Animals with each of these estrous cycle patterns were distributed almost equally across the three groups. There were no differences in mean estrous cycle length and the mean number of cycles per animal among the three groups. The mean frequency of proestrus by vaginal cytology and the mean number of days with EIV over 3.0 kW were similar in all groups (Table 2) .
At the age of 7 months (weeks 2-3 of dosing), the number of animals exhibiting regular estrous cycles was almost the same; however, the number of animals with only one cycle was higher in the control group than in 6-month-old animals. With the cessation of regular or extended cycles in the control group, the mean frequencies of days in proestrus and with EIV over 3.0 kW declined to 2.0 ± 1.1 days (P<0.05 vs. pretreatment) and 1.5 ± 1.2 days, respectively, while the mean estrous cycle length increased to 8.4 ± 5.0 days (P<0.05 vs. pretreatment). The mean number of cycles per animal decreased to 2.0 ± 1.1 times. In the 30 mg/kg/day group, the pattern of estrous cycles was the same as that observed in the same animals at 6 months of age. In addition, changes in other parameters were not observed, with little difference between the control and 30 mg/kg/ day groups. On the other hand, a progressive decline in estrous cyclicity was not observed in the 100 mg/kg/day group. In this group the mean frequency of days in proestrus and with EIV over 3.0 kW was 2.6 ± 1.2 days and 2.2 ± 1.1 days, respectively, higher than in the control group. Mean estrous cycle length in the 100 mg/kg/ day group was 6.8 ± 4.5 days, which was shorter than in the control group; the mean number of cycles per animal was 2.4 ± 0.9 times, which was also higher than in the control group.
At the age of 8 months (weeks 6-7 of dosing), estrous cycle patterns in the control and 30 mg/kg/day groups were almost the same as those observed at 7 months. Changes in other parameters were not observed in the control and the 30 mg/kg/day groups, and there was little difference between the control and the 30 mg/kg/ day groups. On the other hand, the frequency of animals with regular estrous cycles was higher in the 100 mg/kg/ day group than in the control group. Moreover, mean estrous cycle length and the mean number of cycles per animal in the 100 mg/kg/day group was 6.2 ± 3.8 days and 2.3 ± 1.1 times, respectively, with differences between the control group and the 100 mg/kg/day group. There were differences in the mean frequency of proestrus by vaginal cytology and the mean number of days with EIV over 3.0 kW between the control and 100 mg/kg/ day groups.
At the age of 9 months (weeks 11-12 of dosing), the number of animals showing regular estrous cycles was lower than in 8-month-old animals. In particular, persistent estrus was observed in many animals in the control group. In the control group, the mean estrous cycle length (11.8 ± 4.1 days) was significantly longer than in the pretreatment period (P<0.01). In this group, there were also significant decreases in the mean frequency of days in proestrus and with EIV over 3.0 kW and the mean number of cycles per animal. On the other hand, more than half of the animals in the treated groups had estrous cycles with at least two cycles in 2 weeks. The mean estrous cycle length was 8.9 ± 4.6 days in the 30 mg/kg/ day group and 8.8 ± 4.0 days in the 100 mg/kg/day group, shorter than in the control group. The mean frequency of days in proestrus and the mean number of days with EIV over 3.0 kW were higher in the treated groups than in the control group.
At the age of 10 months (weeks 17-18 of dosing), only 1 of the 12 animals in the control group exhibited regular estrous cyclicity. Most animals had completely lost cyclicity. Moreover, the mean frequency of days in proestrus and the mean number of days with EIV over 3.0 kW were markedly lower than the values in this group at 9 months. In the treated groups, changes in the distribution of estrous cycle pattern and other parameters compared with values at 9 months were not observed. The mean frequency of days in proestrus in the 100 mg/ kg/day group was significantly higher than that in the control group. Throughout this experiment, the mean frequency of days in proestrus judged by vaginal smears and the mean number of estrous cycles were similar regardless of administration of the test drug. In addition, the concordance rate of days in proestrus by vaginal cytology and by days with EIV over 3.0 kW was approximately the same (63.2-85.7%) at each measurement point. In most cases, the EIV value of animals with a prolonged estrous cycle did not exceed 3.0 kW even in the proestrus stage, although the value tended to be higher in proestrus than in other stages of the cycle.
Discussion
The present study was performed to investigate the utility of vaginal impedance as a method for detecting the progression of reproductive aging in female rats and to evaluate the time-dependent effects of the administration of the test drug, Nanpao, on aged-related changes in the estrous cycle.
Before the initiation of daily treatment with water or Nanpao, abnormal estrous cycles were observed in about one half of the animals. Subsequently, the number of animals with abnormal estrous cycles and the degree of abnormality of the estrous cycle increased gradually in the control group from 7 to 10 months of age. In particular, persistent estrus was observed in about half of the 10-month-old animals in the control group. There are many reports of aged-related loss of regular estrous cycles in mammalian species [5, 12, 22, 35] . It is also known that the estrous cycles become irregular in rats between the ages of 6 and 10 months [2, 18, 22, 41] . Changes in the volume of hormones secreted by the hypothalamic region, the pituitary gland, and the ovary resulting from the effect of aging on the hypothalamicpituitary control system are thought to be responsible for such abnormalities of the estrous cycle [44] . Moreover, the loss of a regular estrous cycle has been correlated with depletion of the oocyte pool (ovarian levels) [1] . There are reports that the cessation of the estrous cycle in aged animals is related to a decrease in the luteinizing hormone (LH) response to the feedback stimulus of estrogen [19, 26, 43] , decreases in the progesterone and LH surges in proestrus [7, 17, 42] , and a deficiency in progesterone secretion [37] . In most cases, cessation of cyclicity is followed by persistent estrus in SD rats [6] . Felicio et al. [4] indicated that the appearance of persistent estrus and its duration depends on the age at cycle cessation. Persistent estrus is considered to be an estrogenic state dependent on continued secretion of estrogens by the ovaries, and its duration is therefore limited by the size of the oocyte reserves in the ovaries [6] . In the present study, the aged-related changes in the estrous cycle observed in the control group had a course similar to those described in the reports discussed above.
We previously demonstrated that long-term treatment with Nanpao inhibited the age-related loss of regular estrous cycles and decreases in fertility and litter size, and maintained normal embryo-fetal development in mature female rats [9] . In the present study, observations of the estrous cycle and measurement of EIV at the ages of 7 (weeks 2-3 of dosing) and 8 months (weeks 6-7 of dosing) demonstrated nearly normal estrous cycles in many of the animals in the 100 mg/kg/day group, and the mean estrous cycle length in this group was shorter than that of the control group. The mean frequency of days with EIV over 3.0 kW in proestrus and the mean number of cycles in 2 weeks were higher in the 100 mg/ kg/day group than in the control group. Moreover, at the ages of 9 months (weeks 11-12 of dosing) and 10 months (weeks 17-18 of dosing), an increase in the number of animals with abnormal estrous cycles was prevented not only in the 100 mg/kg/day group, but also in the 30 mg/kg/day group. These results indicate that a short period of administration of Nanpao prevented the age-related loss of regular estrous cycles [9] . Although the mechanism of the effect of Nanpao on the decline in reproductive function in female animals was not clear in the present study, we previously reported that Nanpao has the potential to improve peripheral blood flow and subsequently surface skin temperature [10] . Taking account of these findings, the inhibitory effect of the test drug on the decline in estrous cyclicity may be due to increased blood flow volume in the uterus and ovaries maintaining the normal environment of the uterus and ovaries and preventing the aging of the ovum. Studies on the effects of other herbal medicines have indicated that herbs can improve estrogen status and have profertility effects [29] . In addition, studies on the effects of herbal formulas in androgen-sterilized rats showed that these formulas restored regular estrous cycles and induced ovulation, possibly by regulating the expression of hypothalamic neuropeptide Y and leptin receptor mRNA [33, 34] . Thus, we consider the mechanism by which Nanpao produced its effects involved multiple effects on the pituitary-ovarian axis and the adrenal glands [8, 39] .
Since the concordance rates of days in proestrus by vaginal cytology and EIV over 3.0 kW in the present study were high and approximately constant, we suggest that the measurement of EIV, as well as the observation of the estrous cycle based on vaginal smears, can be used to detect the progression of reproductive aging in female rats. In a review, Rezac [30] reported that electrical impedance methods may be used not only to predict ovulation, but also to explore various other reproductive processes. The present results illustrate that the measurement of EIV could be a worthwhile approach to the more precise study of age-related changes in the reproductive processes in the fields of physiology and theriogenology.
The number of days with EIV over 3.0 kW did not necessarily correspond to the proestrous stage indicated by vaginal cytology, because the EIV of animals in which the estrous cycle was prolonged tended not to be over 3.0 kW even in the proestrous stage. We do not think cornification of the epithelial cell layer of the vaginal mucosa is an adequate explanation of this finding in rats exhibiting prolongation of the estrous cycle. In this regard, the disturbance in hormone balance seen in animals exhibiting abnormal estrous cycles is considered to affect the histology of the vagina [26, 43] . Although changes in EIV in young animals exhibiting regular estrous cycles are physiologically sound, the physical and biological factors that may affect the variation in impedance in the female reproductive system are still poorly understood. Investigations of these questions may provide information that will enable vaginal impedance methods to reflect more accurately the histology of the epithelial cell layer of the vaginal mucosa and to provide useful information for studies of reproductive functions.
In conclusion, a short period of administration of Nanpao inhibited the age-related loss of regular estrous cycles in female rats. Moreover, we showed that the measurement of EIV is a worthwhile approach to the examination of estrous cyclicity and the histological condition of the vaginal mucosa in rats exhibiting abnormal estrous cycles.
